The "gap effect" describes a phenomenon whereby saccadic reaction times are expedited by the removal of a visible fixation point prior to target presentation. Here, we investigated whether processes controlling saccade cancellation are also subjected to a gap effect. Human subjects performed a countermanding experiment which required them to try to cancel an impending saccade in the presence of an imperative visual stop signal, across different fixation conditions. We found that saccadic cancellation latencies, estimated via derivation of the stop signal reaction time (SSRT), were ~40 ms shorter on trials with a 200 ms gap between fixation point removal and target presentation compared to when the fixation point remained illuminated. Follow-up experiments confirmed that the reduction in SSRTs were primarily due to removal of a foveal fixation point (as opposed to a generalized warning effect), and persisted with an auditory stop signal that controlled for potential differences in stop signal saliency across different fixation conditions. Saccadic RTs exhibited a gap effect in all experiments, with reductions in RTs being due to both removal of a foveal fixation point and a generalized warning effect. Overall, our results demonstrate that processes controlling saccade cancellation can be expedited by a 200 ms gap. The simultaneous priming of both saccade cancellation and generation is of particular interest considering the mutually antagonistic relationship between the saccade fixation and generation networks in the oculomotor system.
INTRODUCTION
Foveal vision necessitates a selection process to help determine the relevance of potential saccade locations. Inherent to this selection process is the ability to withhold saccades to stimuli that become irrelevant or inappropriate in a changing behavioural context. The countermanding paradigm, which was initially applied to hand or limb movements ( Logan and Cowan 1984; Logan 1994) , permits study of such inhibitory control of movement. An oculomotor version of the countermanding task requires the subject try to cancel saccades to a peripheral target in the presence of an imperative stop signal (Hanes and Schall 1995) . Performance in a countermanding trial has been conceptualized as a race between a GO process dictating saccade generation (initiated upon target presentation), and a STOP process dictating saccade suppression (initiated upon stop signal presentation). The performance on a given trial depends upon the outcome of this race, with a saccade being generated or withheld if the GO or STOP process wins the race, respectively ( To study the influence of a 200 ms gap on saccade control, we had human subjects perform a variety of countermanding tasks. In the first experiment, the fixation point either remained illuminated during target presentation (an OVERLAP condition), or disappeared 200 ms prior to target presentation (a GAP condition). Contrary to both predictions laid out above, SSRTs were shorter in the GAP condition. A series of two follow-up experiments confirmed the consistency of this effect, and identified that this reduction was due more to the removal of a foveal visual stimulus rather than a generalized warning effect, and was present for both visual and auditory stop signals.
Portions of this manuscript have been published in abstract form (Stevenson et al. 2007 ).
METHODS
A total of 9 different subjects (Ages 22-35; 2 female) participated in at least one of three variants of the countermanding task after providing their informed written consent. Subjects reported no history of neurological or musculoskeletal disorders, and all Declaration of Helsinki. Three subjects (s1,s2 and s3) were the authors and hence were JN-90891-2008-R2 6 knowledgeable about the specific goals of the experiment. The remaining subjects were naïve. Subjects were instructed beforehand on the nature of the countermanding task but were not given any feedback during the experiment. All subjects generated qualitatively similar trends in the data. Subjects were seated upright in a straight-back chair in a dark experimental room. The room was compartmentalized by a double layer of thick dark curtains that spanned from floor to ceiling, attenuating the residual illumination given off by the experimental equipment. The visual stimuli consisted of three tri-colour lightemitting diodes (LEDs; which could be illuminated red and/or green) embedded within boxes mounted on wooden stands positioned 1.2 m in front of the subject. All LEDs were elevated 1.2m off the ground to lie on the horizontal meridian from the subject's perspective. One LED was positioned directly in front of the subject to serve as the central fixation point (FP). Two target LEDs were fixed at a radial angle of 10° to the left or right of the FP. Two of the three variants of the countermanding task (see below)
involved an auditory stimulus. The speaker was placed directly behind the subject, and consisted of a broadband burst (77 dB) of noise powered by a 5V TTL pulse.
Countermanding task
Subjects performed three variants of an oculomotor countermanding task. All three variants of the task required subjects to look to visual targets on CONTROL trials, and attempt to maintain fixation on STOP trials in the presence of a stop signal.
CONTROL and STOP trials were intermixed, and within the STOP trials we varied the timing of presentation of the stop signal relative to the target (the stop-signal delay (SSD)). All aspects of the task were controlled by a customized LABVIEW program downloaded onto a PXI box (National Instruments), which controlled the experiment at a rate of 1 kHz. Subjects performed a series of practice trials before the experimental data were collected. Subjects were instructed to look as quickly as possible to the presented target and to try not to move when the stop signal appeared.
Experiment 1
In the first experiment, we investigated the influence of a 200 ms gap on both the GO and STOP processes. To do this, we introduced two fixation conditions, GAP and OVERLAP, and investigated subject performance on both CONTROL and STOP trials. All trial types started with the illumination of the central FP for an interval selected randomly between values of 1000, 1166, 1333, and 1500 ms. In the GAP condition, the FP was then extinguished for 200 ms, followed by target presentation to the left or right for 1000 ms. In the OVERLAP condition, the FP remained illuminated during target presentation (overall trial duration remained the same as in the GAP condition by adding an additional 200 ms to FP illumination; Fig. 2A ). On CONTROL trials, subjects simply made a saccade to the target. On STOP trials in the GAP condition, the stop signal consisted of a re-illumination of the green central FP (recall that the   JN-90891-2008-R2   8 central FP is a tri-colour LED that can be either red and/or green; Fig. 2A ). On STOP trials in the OVERLAP condition, the stop signal consisted of a colour change of the central FP from red to green (Fig 2A) . The stop signal remained illuminated for the duration of the trial and trials were separated by an inter-trial interval of 500-1000 ms.
Experiment 2
In the second experiment, we introduced a third fixation condition to test the influence of a warning cue on subject performance. In this "AUDITORY" condition, an auditory stimulus accompanied FP presentation at the start of the trial, but was turned off 200 ms prior to target presentation (the FP remained illuminated for the entire trial; Fig.   2B ). The OVERLAP and GAP conditions were run as in Experiment 1, and all three fixation conditions were interleaved with the different trial types and target locations.
Within STOP trials, SSDs were varied over a range of 250 ms in 50 ms steps (6 SSDs total), with SSD ranging from either 0 to 250 ms or 100 to 350 ms for different subjects.
Five of the nine subjects participated in this experiment, performing six blocks of 210 trials each. Within each block, 35% of trials were STOP trials.
Experiment 3
In the third experiment, we used an auditory cue as a stop signal to test the influence of a non-foveal stop signal. All aspects of this experiment were the same as in Experiment 1 (i.e., OVERLAP and GAP conditions); excepting the use of an auditory stop signal instead of a visual stop signal (Fig. 2C) . 
Calculation of Stop Signal Reaction Times
The main goal of this experiment is to compare estimates of the duration of the STOP process (the stop-signal reaction time (SSRT)) across fixation conditions. Briefly, the SSRT is a derived parameter that estimates the amount of time required to cancel a planned movement. Here we used two measures of calculating the SSRT: the integration method and the mean method (Logan 1994; Hanes and Schall 1995) . Calculating this parameter via the integration method requires both the inhibition function (see Fig. 3 for examples of inhibition functions) from STOP trials and the cumulative RT distribution functions (CDF) from CONTROL trials. The SSRT is estimated at each SSD by first finding the probability of making a saccade from the inhibition function for that SSD, then running the integral from zero to that probability in the CONTROL trial CDF. The SSRT is then estimated by subtracting the SSD from this value (Logan 1994). SSRTs were only calculated at SSDs where the probability of a saccade ranged between 0.1 and 0.9, to capture the linear portion of the inhibition function and cumulative RT distributions.
The mean method for estimating SSRTs assumes that the SSRT for a given subject will be the same regardless of the SSD. While this assumption seems unlikely to be true, violations of this assumption do not significantly affect the validity of the race model (Logan 1994). The mean method for calculating SSRTs simply takes the difference between the mean saccadic reaction time and the mean of the inhibition function ( Hanes and Schall 1995) , using a rescaling factor as suggested by Logan (1994) since P(saccade) does not always range between 0 and 1.
Data collection and analysis
Bi-temporal DC electrooculography (EOG) was used to measure horizontal eye movements and signals were filtered and amplified with a P122 AC/DC preamplifier (Grass Instruments). Horizontal eye movements were filtered (100 Hz, low pass), amplified, and digitized at a rate of 1 kHz onto the PXI controller. Digitized data were then transferred to a PC computer and subsequent off-line analyses were performed using customized Matlab (the Mathworks) programs. Movement onsets and offsets were identified by an automarking program, which detected crossings of velocity thresholds (50°/s; velocities were filtered with a low-pass Butterworth filter with fs/fc < 17). Eye movements were analyzed via a customized Matlab Graphical User Interface permitting the data analyst to check for errors and ensure consistency. Saccadic reaction times, inhibition functions and SSRTs were calculated offline and saved for further analyses.
Trials where RTs were < 80ms were classified as anticipatory and were excluded from analysis ( Corneil and Munoz 1996) . Trials with RTs > 800ms were also excluded due to lack of subject alertness. Less than 1% of all trials were excluded with these two criteria. Differences in RTs and SSRTs across fixation conditions for individual subjects utilized two way t-tests.
RESULTS
Within each experiment, we will first present the results from CONTROL trials to confirm that subject performance was consistent with previous reports, and then describe subject performance on STOP trials.
Experiment 1
The six subjects participating in Experiment 1 generated a total of 4580 CONTROL trials, split equally across GAP and OVERLAP fixation conditions. We found a robust influence of fixation condition on the reaction times, with RTs being significantly shorter in the GAP condition across all subjects (Fig. 3A , Table 1 ; P<0.05; paired t-test). The difference between RTs in the OVERLAP and GAP conditions (i.e. the gap effect) has been studied extensively (see (Munoz et al. 2000) for review) and in our subjects ranged from 6-105 ms (gap effect: 57 ± 32 (mean ± s.d.) ms; the reduction in RTs was significant (P<0.05, two-way t-test) in all six subjects).
Logically, it should become progressively more difficult to suppress a saccade for more delayed stop signals. Subject performance on STOP trials varied in this straightforward fashion depending on the SSD. For each subject, we constructed inhibition functions which describe the probability of generating a saccade as a function of SSD. Separate inhibition functions were constructed for data obtained from GAP ( Fig. 3B ) and OVERLAP conditions (Fig. 3C) , and from these inhibition functions it is apparent that the probability of making saccades (i.e., "non-cancelled" trials) increased for progressively longer SSDs.
With the integration method, we observed a gap effect on SSRTs in five of our six subjects, in that the SSRTs for these five subjects were shorter in the GAP vs. OVERLAP condition. In the sixth subject, SSRTs were approximately equal across fixation conditions. Overall, the gap effect on SSRTs estimated by the integration method ranged from -3 to 68 ms (45 ± 27 ms; P<0.01; paired t-test). Consistent with the integration method, we found a gap effect on SSRTs calculated via the mean method in all six subjects (38 ± 11 ms; range: 27 to 52 ms; P<0.01; paired t-test).
The integration and mean methods yield equally valid estimates for SSRTs (Logan and Cowan 1984). Accordingly, we combined these estimates to yield an average SSRT for each subject for each fixation condition (Table 1 ; Fig 3D) . Upon averaging, a consistent gap effect was observed in all subjects (42 ± 16 ms; range: 12 to 56 ms; paired t-test, P<0.05). Together, these data suggest that completion of the STOP process can be expedited in the human countermanding task by a 200 ms gap.
Experiment 2
Previous studies have established that the reduction in RTs observed during the gap effect is due to both a warning component (as FP disappearance serves as a cue for A total of 5762 CONTROL trials, distributed equally amongst the OVERLAP, AUDITORY, and GAP conditions were analyzed in five subjects. As shown in Fig. 4A and Table 1 , we again observed a significant gap effect across the sample (comparing RTs in OVERLAP and GAP condition; 81 ± 27 ms; range: 45 to 117 ms; significance assessed by ANOVAs on RTs across all 3 fixation conditions, followed by Bonferronicorrected post-hoc t-tests; P<0.01) and within all subjects (two way t-tests P<0.05). This gap effect was composed of both a warning component (OVERLAP versus AUDITORY conditions) which ranged from 11 to 35 ms (20 ± 9 ms; P<0.05), and a foveal component (AUDITORY versus GAP conditions) which ranged from 35 to 88 ms (62 ± 22 ms; P<0.01).
As in Experiment 1, subjects had more non-cancelled saccades on STOP trials with longer SSDs. Inhibition functions for each subject were constructed for data obtained from GAP (Fig. 4B) , AUDITORY (Fig. 4C) and OVERLAP (Fig. 4D) conditions. SSRT calculations yielded a significant gap effect (i.e., SSRTs were shorter on GAP vs. OVERLAP conditions) for all subjects regardless of which method was used (integration method: 48 ± 5 ms, range: 43 to 55 ms (P<0.01); mean method: 60 ± 32 ms, range: 36 to 116ms (P<0.05)). We also found a significant foveal effect (AUDITORY vs. GAP conditions) on SSRTs for all subjects regardless of the method of SSRT calculation (integration method: 43 ± 10 ms, range: 29 to 54 ms (P<0.01); mean method: 43 ± 9 ms, range: 29 to 52 ms (P<0.01)). However, we did not observe a consistent warning effect (OVERLAP vs. AUDITORY) on SSRTs with either method (integration method: 5 ± 18 ms, range: -5 to 22 ms (P=0.35); mean method: 17 ± 30, range: -5 to 69 ms (P = 0.27)), with AUDITORY SSRTs being shorter in only three of the five subjects for each method.
Upon averaging SSRT estimates, a gap effect was observed for all five subjects Table 1 ).
In summary, we found that the foveal and warning components each contribute significantly to the gap effect on RTs (Fig. 4A, Table 1 ), while only the foveal component contributes significantly to the gap effect on SSRTs (Fig. 4E, Table 1 ).
Experiment 3
Experiments 1 and 2 provide strong evidence for the priming of the STOP process in the GAP condition versus the OVERLAP condition. However, the reappearance of the We analyzed a total of 5257 CONTROL trials over the entire sample. Consistent with previous findings, including Experiments 1 and 2, we found a significant gap effect on RTs both across our sample (87 ± 24 ms, range: 65 to 117 ms (P<0.005); Fig. 5A , Table 1 ) and in all five subjects (all P<0.05, two way t-tests). As in Experiments 1 & 2, subjects had more non-cancelled saccades on STOP trials with longer SSDs, regardless of fixation condition (Fig. 5B,C) . Consistent with the findings from Experiment 1, we found a robust gap effect on SSRTs, with this reduction occurring in at least four of the five subjects using each method (integration method: 22 ± 15 ms, range: -2 to 40 ms (P<0.05); mean method: 51 ± 23 ms, range: 24 to 86 ms (P<0.01)).
Upon averaging SSRT estimates, a significant gap effect remained and this reduction occurred for all subjects (37 ± 9 ms; range 21 to 42 ms (P<0.001); Fig. 5D , Table 1 ). Overall, these data provide strong evidence that the STOP process can be primed by a 200 ms gap, regardless of stop signal saliency and modality.
Tests of the Race Model
One assumption of the Race Model is that the GO and STOP processes are stochastically independent. Therefore, the growth of the GO process should not affect the growth of the STOP process, and vice-versa. One test of such independence is to see how well reaction times of non-cancelled saccades can be predicted using control trial reaction times (Logan 1994). To do this, we compared non-cancelled STOP trials from a given SSD (≥ 15 non-cancelled saccades for a given subject) with their corresponding CONTROL trials whose reaction times were less than the sum of the subject's SSRT plus the given SSD (Fig. 6A) . Over all three experiments, and all fixation conditions, we found that the representative non-cancelled portion of the CONTROL RT distribution predicted the actual RTs of non-cancelled saccades well (for simplicity, we present here the prediction based on the SSRT from the integration method, although the mean method produced equivalent results). In Experiment 1, the mean predicted RTs for the GAP and OVERLAP conditions exceeded the observed non-cancelled RTs by 2.9 and 0.7 ms respectively, with the differences on a per-SSD basis reaching significance in only 1/17 (GAP) and 2/13 (OVERLAP) comparisons. In Experiment 2, the mean predicted Fig. 6B-D) . The change in RTs reached significance for the OVERLAP condition in Experiments 2 & 3 (P<0.05; two way t-test; for inclusion, at least 3 subjects had to have at least 10 non-cancelled saccades at a given SSD). The change in RT approached significance for the other fixation conditions (P = 0.07 for OVERLAP and P = 0.08 for GAP conditions in Experiment 1, Fig. 6B ; P = 0.06 for AUDITORY and P = 0.13 for GAP conditions in Experiment 2, Fig. 6C ; P = 0.08 for GAP in Experiment 3; a one-way ANOVA was used when the inclusion criteria were met at more than 2 SSDs). These patterns are also generally consistent with the independence assumption of the GO and STOP processes. 
Comparison to previous results
There is a rich literature in psychophysics regarding the gap effect on simple Fig. 7) ]. Note how fixation-related activity remains fairly constant through the time of target and stop signal presentation, but then diverges sharply depending on ensuing behaviour, with activity increasing or decreasing depending on whether the saccade is cancelled or not, respectively. The timing of this divergence becomes particularly clear by taking the difference between these two profiles (lower part of Fig. 7A ). The key observation made by Paré and Hanes (2003) was that this divergence in activity, which they term the "neural estimate of SSRT" preceded behavioural estimates of SSRTs. This is a logical pre-requisite if fixation-related neurons are to play a causal role in saccade control.
We speculate similar profiles of fixation-related activity will be observed in the GAP condition, but with a few important differences. First, fixation-related activity would begin to decrease during the 200 ms gap [idealized profiles in the top part of Fig.   7B are based on those recorded by Dorris and colleagues (1995)], with this decrease continuing through target and stop-signal presentation. Because the subjects cannot anticipate trial type or the SSD, the decrease in fixation-related activity would be the same for both cancelled and non-cancelled trials. Second, we believe that the divergence in fixation-related activity on cancelled vs non-cancelled trials would be occurring earlier in the GAP condition compared to the OVERLAP condition (bottom part of Fig. 7B, 7C; as discussed below, we believe the signal dictating such divergence does not originate in the SC). This earlier divergence of fixation-related activity in the GAP vs. OVERLAP condition (Fig. 7C) would then explain our behavioural observations of priming of the STOP process in the GAP condition.
Although we have only depicted fixation-related activity in Fig. 7 , we speculate that reciprocal profiles of activity would be observed on movement-related neurons (e.g., neural activity would increase during the GAP period, and increase further only on noncancelled trials). In this regard, the asymmetric inhibition predicted by Boucher and colleagues (2007; that fixation-related neurons inhibit saccade-related neurons more than vice versa) is particularly important; otherwise the increase in movement-related activity during the GAP period would prevent the subsequent increase in fixation-related activity for cancelled trials.
Within the context of our predicted profiles of activity, the pertinent question then becomes why the fixation-related neurons diverge in activity earlier in the GAP vs. In conclusion, the STOP process can be primed in a human saccadic countermanding task by the introduction of a 200 ms gap. This robust priming is mainly driven by a foveal component and occurs regardless of stop signal saliency or modality.
Further investigation is required to understand how, on a neural level, oculomotor areas manifest simultaneous priming of the GO and STOP processes. Significant warning (~20 ms) and foveal (~62 ms) effects were also observed for all five subjects. B-D. Inhibition functions for each subject in the various fixation conditions. E.
SSRTs for the three fixation conditions. A significant gap effect of ~50 ms was observed.
No significant warning effect is observed, but a significant foveal effect (~40 ms) was observed for all five subjects. * represent P<0.05 using repeated measures ANOVA followed by Bonferroni post-hoc correction test for multiple comparisons. Consistent with the race model, RTs of non-cancelled movements increased for longer SSDs in all experiments. * denote significant observations using two-way t-tests, P<0.05.
The SSDs in B-D are denoted in rank order, since not all subjects had the same series of SSDs (e.g., see Fig. 4 ). In order to compare observations across subjects, SSDs were ordered from shortest to longest. Therefore SSDs 4,5 and 6 refer to the longest three SSDs for each subject). curves, emphasizing that a neural estimate of SSRT runs from stop signal presentation until the divergence in neural activity. These difference curves are contrasted directly in C, emphasizing our prediction that the divergence in activity depending on performance occurs early in the GAP vs. OVERLAP condition. ( 
